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a b s t r a c t
Bakhtegan–Tashk Lakes (BTL) and Kamjan Marsh, one of the Ramsar sites with an area of
1323 km2 , have been shrunk due to groundwater overexploitation, construction of two
new dams and drought. Evaporation of the BTL water significantly increased potentially
toxic metal (PTMs) and average total dissolved solids (TDS) from 45000 to 382000 mg/l.
This study focuses on contamination and sources of 16 PTMs. The sampling sites include
24 sediments, 2 surface salts, 17 water samples from Bakhtegan Lake (BL), and two
wells. The PTMs were analyzed in Act Lab. The BTL sediments are contaminated by Hg,
Ni, Mo and Se based on CF, EF, Igeo indices and at ecological risks by Hg, Ni and Cr
based on SQGs index and by Hg based on ecological Risk index. Kamjan Marsh and
adjacent aquifer were at negligible ecological risk. Most PTMs concentrations in water
samples were not measured due to dilution. The BL water and groundwater below the BL
bed were contaminated and/or at ecological risk by significantly high values of TDS and
measurable PTMs Mo, Pb, V, As, Mn and Sb. The most probable sources of contamination
are chromite mines, sewage of petrochemical and industrial complexes, contaminated
dust from west of Iran and Iraq, combustion of fossil fuel and fertilizers. The BTL can
be restored by a new water resource plan to save water by installing water meters on
all exploited wells, modern irrigation systems, optimizing crop patterns, enhancement
crop yield per unit of applied water, and stakeholder cooperation.
© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction
Wetlands worldwide are facing contamination by potentially toxic metal(loids) (PTMs) because of rapidly growing
human activities (Bai et al., 2019). Contamination by PTMs in wetlands and lakes has drawn attention due to its toxicity
(Li et al., 2022). PTMs may accumulate in lake sediments by wet and dry atmospheric deposition and surface runoff
(Forstner, 1976). Researches on PTMs pollution of wetlands and lakes mainly focus on heavy metal analyses, including
self-organizing map (SOM), and spatial distribution characteristics (Bhuiyan et al., 2020). Pollution and risk assessment
are evaluated by the contamination factor (CF), geo accumulation index (Igeo ), enrichment factor (EF), sediment quality
guidelines (SQGs), and potential ecological risks (RI) (Xiao et al., 2021).
Bakhtegan and Tashk Lakes (BTL) are the second-largest inland lake in Iran. The lakes and their wetlands were recorded
in the Ramsar Convention list as Bakhtegan–Tashk-Lakes and Kamjan Marshes in 1975 and became a national park in 1995
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(Haghighi and Kløve, 2015). More than 218 bird, 86 mammal, 30 reptile, and 23 fish species have been registered in the
BTL national park. The BTL shrunk seriously since 2007 due to groundwater overexploitation, consecutive droughts and
currently construction of Mollasadra and Sivand dams at the upstream part of the Kor River (Fig. 1a) (Vahidipour et al.,
2021).
The Kor River is the only major permanent water source discharging into the BTL, transferring industrial sewages
and agricultural drainage into the BTL (Fig. 1a). Return flows from agricultural lands, untreated and treated sewage
from industrial factories such as the oil refinery, petrochemical plant, licorice, chemical, sugar, pulp mill, flour and dairy
discharge into the Kor River. The contamination of the Kor River has been reported in numerous publications (Sheykhi
and Moore, 2012, 2013; Sheykhi and Samani, 2020; Mokarram et al., 2020).
The contaminations of As, Cd, Cr, Cu, Hg, Mo, Ni, Pb and Zn were measured in the Kor River water (Sheykhi and Moore,
2012). The Hg, Cr, As and Mo concentrations were above the EPA maximum contamination level (MCL) at some of the
sampling sites. Mokarram et al. (2020) measured the As, Cd, Cr, Cu, Mo, Ni and Zn concentrations in the water along the
Kor River in 2010 and 2016. The concentrations of Cr, Mo, As, Cd and Cu were higher than the EPA MCL at some of the
sampling sites. This was likely due to sewage of industrial units. Sheykhi and Samani (2020) measured Zn, Cr, Mo, Ni and
Pb concentrations in the Kor River water. The concentrations of Mo and Pb were higher than the EPA MCL at a few of
the sampling sites. Results revealed the river water to be polluted by industrial wastewater, agricultural land runoff, and
domestic wastes. Several studies were carried out on PTMs of the Kor River water, however, the PTMs of the BTL water
and groundwater below the BTL bed have not yet been investigated, in spite of being the main sink of the Kor River.
Sheykhi and Moore (2013) measured As, Cd, Cr, Cu, Hg, Mo, Ni, Pb and Zn concentrations in the Kor River sediments,
with a depth of 0–5 cm, calculating the indices of Igeo , SQGs and RI using the local background, which it was defined
as the minimum measured concentration of each of the PTMs. The contaminated PTMs were Hg and Ni by all three
indices, Mo by both the RI and Igeo , As and Cr by the Igeo and SQGs, and Cu, Pb, and Zn by the Igeo index at some of the
stations downstream of the industrial plants. Results displayed that the sediments and water in parts of the Kor River
were significantly affected by sewages released from industrial factories and urban and agricultural return water (Sheykhi
and Moore, 2012).
Shakeri et al. (2014) measured concentrations of As, Co, Cu, Ni, Mo, Pb, Cd, Cr, Zn in sediments at limited parts of the
Bakhtegan Lake. The CF, EF and SQGs indices were determined using global shale and local background. Local background
is assumed to be the minimum measured concentration of each of the PTMs. The CF index indicates contamination of Cr,
Cu, Zn, V, Co, Pb, Mo, As and Ni, The EF index displays only Cd, and the SQGs index indicates As, Cr, Ni at some of the
sampling sites.
Ag, Cd, Cu, Al and Fe were measured in sediments of the Tashk Lake (TL) with depths of 0–15 cm (Shirazi and
Karimi, 2015). Igeo and EF indices were estimated using the world soil average background. Results indicated that no
contaminations were observed in the TL.
The discrepancies between the contaminated PTMs in the Kor River and the BTL in the above-mentioned studies can
be justified as follows:

•
•
•
•
•
•
•
•
•

The backgrounds are not identical.
The sampling sites are not the same.
There is no full coverage of the PTMs, with only a few PTMs measured in some of the studies.
There are variations in the contamination indices.
The contaminations are time-dependent because the discharge of the Kor River is very high during the winter, but
it significantly decreases during the summer.
The water of the sewage lagoon releases periodically into the river.
The concentrations of PTMs decreased significantly a few kilometers downstream of the industrial plants because
the wastewater was diluted by the river water.
The sediment of the Kor River was also displaced by floods.
The Kor River sediments were mainly deposited inside the depressions near the Kor River entrance.

The main objectives of the present study are: (i) to measure the PTMs of the BTL sediments, lake water, groundwater
below the lake bed, surface salt, and groundwater in one of the adjacent aquifers; (ii) to evaluate the contamination and
ecological risks; and (iii) to identify the most probable sources of the PTMs based on the available data.
2. Materials and methods
2.1. Study area
The BTL are situated in south Iran, and northeast of Fars province. Bakhtegan Lake (BL), Tashk Lake (TL) and their
catchment area cover 850, 410 and 27000 km2 , respectively. The BTL is detached in most years but appears as a uniform
lake after heavy rainfall in wet years, which now occurs about every decade. The Kor River is the only perennial river
that feeds the BTL with a mean discharge of 13.6 m3 /s between 1997 and 2007, although the mean discharge reduced
profoundly to 0.88 m3 /s from 2007 to 2019, because of recently constructed dams in the basin, overexploitation by
thousand wells and drought (Fars Regional Water Company, 2016).
2
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Fig. 1. (a) Study area, land use and location of industrial centers (1: petrochemical plant; 2: Azmayesh factory; 3: Marvdasht municipal wastewater;
4: Zarqan municipal wastewater; 5: Fars chemical factory 6: Abbarik industrial city; 7: Fars regional milk factory 8: Shiraz oil refinery,) sediments
sampling sites (b) Lake water, groundwater below lake bed and wells sampling sites and inundation area at different dates.
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There are several depressions inside the BTL, where the depth of water is higher than in other parts of the lakes.
The Kor River floodwater and its sediment contents mainly filled the depressions near the Kor River entrance and the
water could reach other depressions only during the rare heavy floods, therefore, depressions situated far from the Kor
River entrance were recharged by non-permanent drainages around the BTL. A detailed description of hydrology, geology,
physiography and climatology parameters of the BTL area can be found in Vahidipour et al. (2021).
2.2. Sediment sampling
The sediment sampling sites were selected based on the following: (i) covering the entire study area, (ii) the Kor River
is the most important source of transportation of pollution to the lake; therefore, the number density of sampling sites was
greater at the part of the BTL adjacent to the Kor River entrance, and (iii) site accessibility. A total of 24 sediment samples
were collected in the late spring and summer of 2017. These included a sample from Kamjan Marsh (K1), 7 samples
from TL (T1–T7) and 16 samples from the BL (B1–B16) (Fig. 1a). The sedimentation rate is typically from 1–2 mm/y to
1–2 cm/y in the water bodies (Batley and Simpson, 2016). Some industrial plants have been in place in the area since
more than 50 years ago. Therefore, a depth of 0–15 cm is representative of pollution accumulation in the BTL sediments.
Thus, sediment samples were taken 0–15 cm below the lake bed.
Most of the sediments are deposited on the BTL bed within a few days and the clear lake water gradually evaporates
and salt crusts, with a thickness of 1–50 cm, cover the deepest parts of the BTL bed. The salt crusts are not representative
of sediments. Therefore, only two sites were sampled from the salt crusts (S1 and S2).
Sediment samples were collected by a stainless-steel manual shovel and were kept in polyethylene bags. Sediment
samples were air-dried at room temperature. The samples were sieved through a 2 mm and 62.5 µm sieve before the
analysis of physicochemical characteristics and PTMs, respectively.
2.3. Water sampling
A total of 17 water samples, of which 8 surface water samples, were collected in the period from May 2017 to June
2017, 3 groundwater below the lake bed samples in June 2017, 4 groundwater below the lake bed samples along transact
AB from the center of Bakhtegan Lake toward the adjacent aquifer and 2 wells in adjacent aquifers in October 2018
(Fig. 1b). Samples were kept in clean dark polyethylene bottles and filtered using 0.45 mm syringe filters and acidified
with 65% nitric acid until pH < 2, to prevent sorption and precipitation of PTMs before analysis. Water samples were
preserved at 4 ◦ C in thermal boxes and sent to the laboratory for analysis within 24 h.
2.4. Samples analysis
The texture of sediment was measured using the hydrometry method (Gee et al., 1986). Organic matter was measured
using the loss on ignition method (6 h at 500 ◦ C). The pH of each water and sediment sample was measured using a
portable device (Eutech instrument, Waterproof Cyber Scan PCD 6500, Singapore). Water and sediments samples were
−
3−
−
measured for the major ions (Ca2+ , Mg2+ , Na+ , K+ , SO24− , HCO−
3 and Cl ), total dissolved solids (TDS), NO3 and PO4 at
the Hydrochemistry and Tracing Laboratory of the Earth Sciences Department, University of Shiraz, Iran. The titration
+
method was applied to measure Ca2+ , Mg2+ and HCO−
and K+ concentrations were measured
3 concentrations. Na
−
by the standard F-AAS method (BWB model), Cl contents were measured by the Mohr method. TDS values were
measured by the evaporation method. SO24− was analyzed using the spectrophotometric technique using a Hach, DR/3000
Spectrophotometer.
The PTMs (Al, As, Cu, Co, Cd, Fe, Cr, Hg, Ni, Mn, Mo, Pb, Se, Sb, Zn and V) concentrations of water and sediments were
analyzed using ICP-MS, Aqua Regia method at Activation Laboratories Ltd., Ontario, Canada.
The QA/QC of PTMs in sediments and water samples were presented in the supplementary materials.
2.5. Pollution and ecological risk assessment methods
The CF, enrichment factor EF, Igeo , RI, and SQGs were used to assess contamination and ecological risks of the sediment
PTMs. The CF, EF, Igeo and SQGs were used to describe contamination by a single PTM, while RI was used to determine
the integrated potential impact of the PTMs on the ecosystems. The world soil average (WSA) was applied to calculate
CF, EF, Igeo and RI. A detailed description of CF, EF, Igeo , SQGs and RI can be found in the supplementary material.
The drinking, agricultural, and industrial uses of Lake water and groundwater were based on Total Dissolved Solids.
The saltwater aquatic life of the lake and groundwater for each of the PTMs were determined by the EPA standards
(https://www.epa.gov/wqc/national-recommended-water-quality-criteria-aquatic-life-criteria-table).
2.6. PTMs’ source identification
2.6.1. Self-organizing map (SOM) analysis
SOM, a type of unsupervised artificial neural network was successfully applied for complex dataset analysis (Li et al.,
2018). SOM technique allows pattern identification and clustering without primary knowledge since it is entirely
4
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data-driven (Mari et al., 2010). SOMs categorize datasets based on their similarity by a training process. To improve
visualization, neurons were arranged on 2D planes, which is the computing grid through a self-learning process model
(Wang et al., 2020).
In this study, SOM was applied to pattern recognition of PTMs in sediment samples. The number of neurons is computed
as (Zhu et al., 2020).

√
n=5×

m

(1)

where n represents the neuron number, and m is the sample number. The SOM matrix was conducted by employing Java
SOM Toolbox (http://www.ifs.tuwien.ac.at/dm/somtoolbox/). Based on the quantization
error (QE) and terrain error (TE),
√
the neural matrix was trained using 5 × 5 neurons using the Eq. (1), n = 5 × 24 = 24.5.
3. Results and discussion
The PTMs are discussed in BTL sediments, BL water, groundwater below the BL bed GW), and salt crust.
3.1. BTL sediments
3.1.1. Physicochemical parameters of sediments
The physicochemical parameters of the BTL sediment samples are summarized in Table S1. The pH of the sediments
ranges from 6.9 to 8.1, with an average of 7.4, i.e., neutral to slightly alkaline. The TDS values of sediments vary from 95000
to 404000 mg/L, with an average of 232000 mg/L, which indicates high salinity. The lowest and highest TDS, as well as
Na+ and Cl− concentrations were measured at the margins and the central parts of the lakes respectively, reflecting salt
deposits in the central part of the lake. The mean TDS of the BTL water was 45000 mg/L in the natural condition before BTL
shrinkage. However, it ranged from 200000 to 4500000 mg/L, with an average of 256000 mg/L, after shrinkage (Vahidipour
et al., 2021).
The water sources of the BTL after shrinkage are mainly rare intensive floods, covering only the depressions in the
BTL (Fig. 1b). The depth of water in the depressions is small, therefore the lake water evaporates in a short time, and
consequently, the TDS of the BTL water, groundwater below the BTL bed, and the sediments significantly increase. The
evaporation may also increase the PTMs’ concentrations.
The minimum, maximum and average values of organic matter content (OM) were 5.2, 14.7, and 10.8%, respectively.
The lowest and the highest OM were in the Kamjan Marsh and the TL, respectively. Using the USDA textural triangle, the
texture of the sediment samples is classified as silty clay, clayey loam, loam, sandy loam, and sandy clayey loam, which
shows the loam texture dominance in the sediments. The average content of sand, silt and clay were 47, 22 and 31%,
respectively.
3.1.2. Spatial distribution of PTMs
The PTMs’ concentrations in the BTL and Kamjan Marsh are presented in Table S2. The concentration profile of the
contaminated PTMs of Hg, Mo, Ni, and Se along the Kor River (Sheykhi, 2013), and the BTL (this study) are presented in
Fig. 2, and the rest of the PTMs are presented in Fig. S1 (sampling sites are presented in Fig. 1a).
The spatial distribution of the PTMs inside the BTL depends on several processes: (a) PTM concentration at the entrance
of the Kor River into the BTL, (b) The BTL has several depressions where the depth of water after a flood is higher in the
depressions than in the other parts (Fig. 1b). Therefore, most of the sediments are deposited inside the depressions, (d)
type of PTMs, and (e) local or widespread contaminations.
3.1.3. Contamination assessment of PTMs
Several methods, including CF, EF, and Igeo indices, are used to assess the sediment contaminations and SQGs, and RI
indices are used to evaluate the ecological risks.
3.1.3.1. Contamination Factor (CF). Background information is one of the most important parameters to assess sediment
contaminations. The geochemical backgrounds of PTMs for alluvium and geological formations inside and outside of the
BTL catchment area have not yet been measured. In this condition, global values, such as global continental crust (CC),
global upper continental crust (UCC), global shale and world soil average (WSA) values may be considered (Birch, 2017).
The origin of the BTL sediments is the soil overlying the geological formations and the alluviums inside the BTL catchment
area. Global shale is not a suitable background because the texture of the BTL sediment is mainly loam. Also, the CC and
UCC backgrounds are not representative of the study area because the geological formations in the BTL catchment area
are mainly sedimentary. The WSA and UCC backgrounds are presented in Table S3. PTMs’ contamination factors for all
of the Kor River and the BTL sediments sampling sites are estimated by the WSA and UCC backgrounds. The overall
contamination conditions of all the Kor River and BTL sediment sampling sites based on both backgrounds are presented
in Table 1. The sediments’ contamination conditions of the BTL PTMs based on WSA and UCC backgrounds are similar.
The WSA background is selected to assess the contamination in this study because the source of the BTL sediments is
mainly soil overlaying alluvium and geological formations. The contaminated PTMs of the Kor River and the BTL sediments
5
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Fig. 2. Profile of PTMs concentration in the sediment of the Kor River (Sheykhi, 2013), BTL and Kamjan Marsh and word soil average (WSA)
background. Pink dash line indicates the petrochemical plant. Distance zero represents upstream of Doroudzan dam (Fig. 1a).
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Table 1
Overall PTMs contamination conditions of all the Kor River and the BTL sediment sampling sites are
based on WAS (word soil average) Kabata-Pendias (2011) and UCC (upper continental crust) (Rudnick
and Gao, 2003) backgrounds.
PTMs

Ni
Mo
Se
Hg
Cr
As
Co
Pb
Cd
Cu
Zn
Fe
Mn
V
Sb
Al

Overall contamination conditions of
the Kor River sampling sites

Overall contamination conditions of
the BTL sampling sites

WAS

UCC

WSA

UCC

All
A few
No data
Mostly
Mostly
A few
No data
None
None
None
Only one
No data
No data
No data
No data
No data

All
A few
No data
Mostly
All
several
No data
None
None
Few
Only one
No data
No data
No data
No data
No data

All
Mostly
Mostly
Mostly
A few
A few
A few
None
None
None
None
None
None
None
None
None

All
Mostly
Mostly
Mostly
several
Several
None
None
None
None
None
None
None
None
None
None

(Table 1) may not be correlated in some of the stations, because the Kor River sediments are displaced by intensive floods
at some of the river sections. Therefore, seasonal PTMs measurements are recommended in the Kor River and the BTL.
The CF values based on the WSA background indicate that the BTL sediments are contaminated by Ni, Mo, Se, and Hg
at most of the stations, and Cr, As, and Co at a few stations (Table 1 and Fig. 3a).
3.1.3.2. Enrichment factor (EF). The EF index of the BTL sediments is determined based on the Al reference element and
WSA background (Fig. 3b). EF values indicated that Mo, Se, Hg, and Ni of the BTL are mainly influenced by anthropogenic
contaminations, from moderate to significant levels, while the rest of the PTMs are not enriched.
3.1.3.3. Geo-accumulation index (Igeo ). The Igeo index of the BTL sediment is determined using the WSA background
(Fig. 3c). The BTL sediments range from unpolluted to moderately-strongly polluted by Mo, Hg, Se, and Ni. There is no
pollution by the rest of the PTMs.
The results from CF, EF, and Igeo indices revealed that As, Cd, Co, C r, Cu, Fe, Mn, Pb, Sb, V, and Zn were mainly in the
un-contaminated level at the most of sediment sites, while the Hg, Mo, Se, and Ni values indicate contaminated levels at
some of the stations. Most of the PTMs have low values of CV, however, Hg and Mo have the highest values of CV, equal
to 1.63 and 1.14 respectively, which indicate large variations in space (Table S3). The spatial distribution of the PTMs in
the area may be due to anthropogenic influences, point/non-point sources, and geochemical processes (Islam et al., 2020).
3.1.4. Eco-risk assessment of PTMs
Water resources of the BTL have decreased since 2007, with significant evaporation, consequently resulting in high
salinity. The minimum, average, and maximum TDS of the BTL sediment, water, and groundwater below the lake bed are
95000, 232000 and 404000 mg/L, 286000, 389000 and 451000 mg/L, and 156000, 293000, 373000 mg/L, respectively.
The salinity is at such a high level that it cannot be used for drinking, agriculture, industrial applications, and aquatic life.
In spite of this significant limitation, two eco risk assessment methods, namely sediment quality guidelines (SQGs) and
potential ecological risk index (RI), are discussed to evaluate the ecological risks as follows.
3.1.4.1. Sediment quality guidelines (SQGs). The standard levels of SQGs indicate that there are no adverse biological effects
for Pb, Zn, Cd, As, and Cu in the BTL stations, however, Ni, Cr, and Hg displayed some levels of ecological risks (Fig. S2).
The Cr concentrations were higher than TEC at 33% of the sediment sampling sites. The concentrations of Ni were higher
than TEC at all stations, and several were even above PEC. Mercury concentration at a sampling site near the Kor River
entrance was above PEC, whereas other stations inside the BTL were either below TEC or above TEC but very close to
it. The main reason for the very high concentrations at the entrance is the point source of the petrochemical plant and
depositions of sediment downstream of the entrance.
3.1.4.2. Ecological risks. The ecological risk factor (Eir ) values are defined for 9 of nine PTMs. These PTMs in the BTL
sediments decreased in the order Hg > Ni > As > Cd > Cu > Pb > Cr > Mn > Zn. The ecological risk factor is not defined
for the Mo and Se. Hg is the only PTM with considerable ecological risks at most stations. The ecological risk factor of
Hg ranges from 17 to 688, with an average of 86. Several stations of the BL and one station in TL near the Kor River
entrance displayed moderate to very high ecological risks. The RI of all nine PTMs (Fig. 3d) indicated that Tashk Lake
and Kamjan Marsh were at negligible ecological risk levels, while the BL sampling stations near the Kor River entrance
displayed moderate to the very high ecological risks. The rest of the stations indicate low ecological risks.
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Fig. 3. (a) Contamination factor, (b) Enrichment factor, (c) geo accumulation index, and (d) potential ecological risk index of the PTMs BTL sediments
based on Al reference element and WSA background.
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Fig. 4. Visualization of PTM elements in the trained SOM map.

The BTL is contaminated in Ni and Hg by the CF, EF, Igeo and SQGs and Ecological Risk indices, the Mo, Se by CF, EF,
and Igeo indices, Cr by CF and SQGs indices and As by CF index in some of the sampling sites.
3.2. Salt crust
The concentrations of PTMs in 2 salt crust samples are presented in Table S2. Comparison of PTMs in the Bakhtegan
salt with the PTMs’ standards in edible salts (Codex Alimentarius, 2006) indicated that Hg, As, Cu and Cr in the Bakhtegan
Lake salts were higher than the standards of edible salt. The Cd and Pb concentrations were lower than the maximum
allowable limits for edible salt.
3.3. BL water and groundwater below the BL bed (GW) contamination
The PTMs’ concentrations at 17 sampling sites are presented in Table S4. Some of the PTMs’ concentrations were below
the detection limits due to high TDS and dilution processes, therefore, reliable concentrations could not be measured. The
contamination of these PTMs may be determined by related sediments. Measurable PTMs concentrations are V, Mo and Pb
in the BL water and GW, As, Sb in the BL water and Mn, Co in GW. Physicochemical parameters of the BL water and GW
are presented in Tables S5 and 6, respectively. The minimum, average and maximum TDSs of the BL water and GW were
287000, 382000, 451000, and 156000, 293000 and 373000 mg/L, respectively. The average TDS of the adjacent aquifer is
12000 mg/L. The BL water and GW are not suitable for irrigation, drinking water, and aquatic life due to very high TDS
concentrations.
Contamination of seven measured PTMs, including Mo, Pb, As, Sb, Mn, V and Co in the BL water and GW and adjacent
aquifer were determined based on Ayers and Westcot (1985), EPA (2018) and Prothro (1993) standards, respectively
(Table 2), with the intension for use as irrigation, drinking water, and saltwater aquatic life. The adjacent aquifer is not
contaminated by these seven measured PTMs. The BL water is considered as contaminated by Mo, Pb, As, and Sb for
the purpose of drinking water and saltwater aquatic life, and with Mo, As, and V for the purpose of irrigation water.
GW is contaminated by Mo, Pb and Mn for drinking water, Mo, Mn, and V for irrigation water, and Mo and Pb for
saltwater aquatic life. The PTMs’ concentrations of the Kor River water in the previous studies are summarized in Table
S7. The As, Cd, Hg and Mo concentrations in the Kor River were higher than the allowable drinking water MCL based
on the EPA standards in previous studies (Sheykhi and Moore, 2012; Mokarram et al., 2020). The Kor River is also
9
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Table 2
Mean concentration, contamination conditions of Mo, Pb, AS, Sb, Mn, V and Co in the BL water, groundwater below the BL bed (GW) and two
wells in adjacent aquifer for drinking water, irrigation and saltwater aquatic life based on EPA (2018), Ayers and Westcot (1985) and Prothro (1993)
standards, respectively.
Mean concentration
(µg/L)

Drinking water
(EPA, 2018)

Irrigation water
(Ayers and Westcot, 1985)

Saltwater water aquatic life
(Prothro, 1993)

PTMs

Lake water GW

aquifer

Lake water GW

aquifer

Lake water GW

aquifer

Lake water GW

aquifer

Mo
Pb
As
Sb
Mn
v
Co

472
123
133
15
bdl
204
9.2

bdl
2.8
1.0
o.6
8.2
9.9
1.5

*
*
*
*
bdl
ns
ns

bdl
–
–
–
–
ns
ns

*
–
*
ns
bdl
*
–

bdl
–
–
ns
–
–
–

*
*
*
*
ns
ns
ns

bdl
–
–
–
ns
ns
ns

443
58
bdl
bdl
637
175
12.8

*
*
bdl
bdl
*
ns
ns

*
–
bdl
ns
*
*
–

*
*
bdl
bdl
ns
ns
ns

ns: standard is not defined; bdl: No data due to dilution; *: all or mostly sampling sites were contaminated; –: all or mostly sampling sites were
uncontaminated.

contaminated based on the fresh aquatic life standards by Cr, Mo, Zn, Hg, Cr, Pb, and Cd (Sheykhi and Moore, 2012;
Mokarram et al., 2020; Sheykhi and Samani, 2020). The Se concentrations were not measured in previous studies. The
overall PTMs contaminations from the previous studies in the Kor River water and BL water and GW, based on drinking
water, irrigation and aquatic life standards are dominantly Mo, As, Pb, Hg and Cr, and to a lesser extent Sb, Mn, Zn, Cd
and V. The discrepancy between the results are discussed in the sediments sections. Concentrations of Mo, As, and Pb
were measured in both Kor River and BL water. Ratio of the mean concentrations of the BL water to the Kor River are
19.8 times for As; 20.7 times for Mo, and 54.6 times for Pb. The high ratios indicate significantly high evaporation in BL
water.
3.4. Source of PTMs
3.4.1. Self-organizing map (SOM) analysis for sediments
SOM analyses are applied to determine the spatial spreading of PTMs in the BTL sediments. The results display three
well-specified patterns: (a) Fe, As, V, Zn, Mn, Pb, Cr, Co, Cu, Ni, and Cd; (b) Hg; and (c) Mo and Se (Fig. 4). The results
imply that the contamination sources of these three groups are different. The pattern for Sb was different from these three
groups, due to the small differences in concentrations among most sites. The SOM supports the contamination indices
results. Group a was not contaminated by the indices method, Group b consists of the point sources by a petrochemical
plant, and Group c contains widespread sources. Ni and Cr are expected to be in Group c instead of Group a based on the
contamination indices. This merits more research.
3.4.2. Probable sources of contaminated PTMs
Mercury: Hg concentration in the Kor River ranged from 0.05 to 6.3 µg/L in the previous studies (Table S7) and its
sediments from 0.025 to 3.3 mg/kg (Fig. 2a). The Hg concentrations were below the detection limit at all sampling sites
of the BL water and GW but its sediments ranged from 0.03 to 1.2 mg/kg (Table S2). Hg concentrations in the Kor River
sediments were lower than the background upstream of the industrial area. However, this significantly increased at two
sampling stations (Fig. 2a). The first peak is at a station immediately after the chlorine-alkali unit of the petrochemical
plant and the second one is at a station downstream of the drainage transporting the sewage of the industrial complex.
Hg concentrations in the BTL decreased from the Kor River entrance toward the end of the BTL because the Kor River
sediments mainly deposited on the depressions near the Kor River entrance. The source of Hg is the local anthropogenic
activity.
Nickel: The Kor River water was not contaminated by Ni based on the irrigation and drinking water standards in
previous studies (Table S7). Ni concentrations were not measured in the BL water and the GW due to the detection
limit. However, its concentrations in the Kor River and the BTL sediments are higher than the background at most of
the sampling stations ranging from 40.2 to 228.6, and 30.5 to 101.7 mg/kg, respectively (Fig. 2c). Ni is one of the trace
metals widely distributed in the environment. It is usually present in the air, water, soil and biological material. The
main sources of Ni are geogenic parent rocks. The similarity in the concentration trends of Cr and Ni profiles in the Kor
River and the BTL (Fig. 2c and Fig. S1), especially upstream of the industrial complex, indicates the presence of parent
rocks. The source of Ni and Cr are ultramafic and mafic parent rocks (Amorosi, 2012; Poznanović Spahić et al., 2019).
The Zagros fold-and-thrust belt is a young continental convergence zone, extending in the NW–SE direction of Iran. The
Zagros ophiolitic belts are located in the north of the study area (Moghadam and Stern, 2011). Two chromite mines outcrop
north of the BTL. Ophiolite is most probably the main source of elevated levels of Ni and Cr. Anthropogenic sources of
Ni include contaminated wind-blown dust, combustion of fossil fuels, incineration of waste and sewage and phosphate
fertilizers. The study area is under the influence of dust, originating from the eastern area of Iraq, the eastern desert of
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Saudi Arabia, Kuwait, and Khuzestan Province (Torghabeh et al., 2020). There are numerous oil wells in these provinces.
The greatest presence of Ni compounds in the air derives from the combustion of fossil fuels (Cempel and Nikel, 2006).
Some smoke from gas combustion at the oil wells is absorbed by dust (Gonnelli and Renella, 2013), being transported
to the study area. Other sources may also have a minor effect on the concentrations of Ni, as follows: Thousands of gas
engines had been used in the past to exploit groundwater in the catchment area of the BTL, the smoke of these engines was
released into the atmosphere, and finally, deposited on the soil’s surface of the BTL catchment area. Phosphate fertilizers
are another source of Ni (Kabata-Pendias, 2011), which are extensively used in agricultural farms of the BTL catchment
area. Ni concentrations decreased inside the BTL, because the Kor River is mainly deposited in depressions, especially near
the Kor River entrance. The variations of Ni concentration along the profile are due to local sources of Ni, for example,
the application of phosphate fertilizers.
Chromium: Cr concentrations in the Kor River water ranged from 0.74 to 55.5 µg/L in previous studies (Table S7). The
Kor River water was contaminated by Cr based on only freshwater aquatic life standards in previous studies (Table S7).
Cr concentrations were not measured in the BL water and GW due to the detection limit. However, its concentrations in
the Kor River sediments are higher than the background at most of the sampling stations, ranging from 42 to 135 mg/kg.
Cr concentrations in the BTL sediments varied from 26 to 80 mg/kg (Fig. S1). The main source of Cr, explained in the Ni
section, is ultramafic parent rock. The anthropogenic sources of Cr in soil and groundwater include industrial processes
such as chromium plating, metal finishing, leather tanning, and geogenic sources, namely weathering of ultramafic rocks
(Chrysochoou et al., 2016). The minor sources of Cr in the study area are elevated Cr concentrations after the petrochemical
and the superphosphate fertilizer plants, and also after the drainage transporting the industrial complex sewage into the
Kor River. The contaminated dust from the west of Iran may be another anthropogenic source, based on the same processes
as explained for Ni.
Selenium: Se concentrations were not measured in the Kor River water and sediments in the previous studies. Se
concentrations could not be measured in the BL water and GW due to the detection limit. However, its concentrations in
the BTL sediments are higher than the background at most of the sampling stations, ranging from 0.2 to 2.3 mg/kg (Fig. 2d).
Determination of the Se sources encounters uncertainties due to the limited data, lack of geochemical background, and low
concentrations of the measured Se with respect to the background. The sources may be phosphate fertilizers, extensive
sewage of industrial complexes, extensive limestone outcrops in the catchment area of the BTL (Okonji et al., 2021), and
the gas combustion of oil wells, similar to what was explained for Ni. From a global point of view, the atmosphere is a
major pathway for the distribution, cycling, and deposition of Se in the environment.
Molybdenum: Mo is an essential trace nutrient but has negative health effects at high concentrations. Mo concentrations in the Kor River water and sediments ranged from 0.07 to 87.2 µg/L, and from 0.6 to 5.5 mg/kg in previous
studies (Table S7). The Kor River water was contaminated by Mo based on irrigation and drinking standards (Table S7).
Mo concentrations in the BL water and GW varied from 22 to 1090 and 101 to 1140 µg/L, respectively. The BL water
and GW were contaminated by Mo based on the irrigation and drinking and saltwater aquatic life standards (Table 2).
Mo concentrations in the BTL sediments were higher than the background at most of the sampling stations, ranging from
9.4 to 24.6 mg/kg, respectively (Fig. 2b). The main reason for Mo enhancement in the BTL water, GW and BTL sediments
were severe evaporation in the BTL (Smedley and Kinniburgh, 2017).
Mo may be released into the environment by anthropogenic contamination sources, such as the combustion of fossil
fuels, wastewaters and sewages from industrial processes, and contaminated dust (Wong et al., 2021). The combustion
of fossil fuels is a constant source of Mo. High concentrations of Mo are present in air-borne ash, usually expelled during
the combustion of fossil fuels. Atmospheric Mo deposition is essential on long time scales for soils. The main sources of
Mo in the study area are probably the industrial complex and the global atmosphere, or from contaminated dust similar
to the case of Ni.
Arsenic: As concentrations in the Kor River water and sediments ranged from 0.17 to 44 µg/L and 2.8 to 11.1 mg/kg in
the previous studies, respectively (Table S7). The Kor River water was contaminated at a few sampling stations based on
drinking water standards (Table. S7). As concentrations ranged in the BL water from 66 to 271 µg/L, it was contaminated
based on drinking and saltwater aquatic life standards (Table 2). Concentrations in the BTL sediments were higher than the
background at a few of the sampling stations, ranging from 2.6 to 7.2 mg/kg, respectively (Fig. S1). The low concentrations
of As sediments in the Kor River and BTL are due to the high solubility of As in water (Levy et al., 1999; Gao et al., 2007).
The overall As data imply contamination in the aquatic environment of the study area. The sources of As in the study
area include arsenical pesticides, fertilizer use, and sewage from the industrial complex’s especially chemical plants to
deal with sewage and sludge storage and waste treatment. Supervision departments should increase the frequency of
sampling and analysis of the discharge from industrial plants sewage.
3.5. Relation between PTMs and organic matter and phosphate
Although organic matter is among the important environmental factors affecting the fate of PTMs, we did not observe
distinct relationships between organic matter and PTMs. The main reason is most probably the high salinity of the BTL
water and groundwater. The BTL has been shrinking since 2007, and has changed to a playa, due to the reduction in surface
discharge, groundwater overexploitation, and drought. The average TDS of the BTL was 45400 mg/L before shrinkage. A
recent study of BTL indicated that TDS values vary from 200000 to 4500000 mg/L with an average of 256000 mg/L after
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shrinkage (Vahidipour et al., 2021). The high salinity was related to enhancement in the content of major cations (e.g., Na,
K, Ca, Mg) that compete for the sorption sites with heavy metals and the decrease of metal binding to humic acids (Tam
and Wong, 1999; Du Laing et al., 2009).
Phosphate usually affects the deposition of some metal ions, such as Pb and Cd, etc. However, phosphate concentrations
in the BTL sediments do not show a relationship with PTMs, in spite of the fact that the content of PO4 in the BTL water
samples was higher than the USEPA quality criterion. The lack of any relationship between phosphate and metals is most
probably due to the decreasing phosphate adsorption on the lake sediments with increasing salinity. (Wang et al., 2006;
Zhang and Huang, 2011).
3.6. Practical applications and future research prospects
The BTL has shrunk, resulting in the enhancement of PTMs and salinity. The most important practical action is to
supply the ecological water demand of the BTL. The annual water budget of the BTL and its catchment area, before and
after shrinkage, should be calculated in order to schedule a new water resources plan. The first strategy is to install flow
meters on all of the exploiting wells, reducing the well discharge, especially in the dry years, and decreasing surface
water from the three dams. The second strategy is applying modern technologies in irrigation systems and optimizing
crop patterns to save water for the BTL. The third strategy is the cooperation of stakeholders with proposed new water
resources management.
The geochemical background of alluvium and geological formations inside the BTL catchment area are determined to
reduce the uncertainties of PTMs’ contaminations. The Kor River and sewage discharge and PTMs, BTL inundation area,
and contaminated dust from the west of Iran are at unsteady states. Therefore, the PTMs, salinity, and major ions of the
Kor River and BTL water and sediments should be measured monthly or seasonally. The sampling sites should be fixed
with suitable coverage of the study area and extended to the drainages transporting the sewage of industrial complexes.
The sources of contaminations merit more research, including geological and isotope studies.
4. Conclusions
The BTL has shrunk due to groundwater overexploitation, construction of two dams in its catchment area, and drought,
resulting in TDS and PTMs enhancement and the active intrusion of brine groundwater toward the adjacent aquifers. The
average TDS of BTL water is 256000 mg/L, implying unsuitability for drinking, irrigation and aquatic life. Parts of the Kor
River and BTL water and sediments are contaminated by six PTMs, including Hg, Mo, Se, Ni, Cr and As based on the CF,
EF, Igeo , SQGs and RI indices, as well as the WSA background. The contaminations originate from one or a combination
of sources, such as ophiolite outcrops, chromite mines, contaminated dust from the combustion at oil wells in Iraq and
the west of Iran, petrochemical plants, industrial complexes, pesticides, and fertilizers. The contamination sources are
uncertain, and so, merit extensive research and the monitoring of the BTL and Kor River in the future. The BTL can be
restored via a comprehensive project to supply its water requirements, consequently, reducing the PTMs’ concentrations.
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